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Abstract

Fractured reservoirs are important hydrocarbon resources. However, the production of hydrocarbon makes fractures to be sealed
which in turn decreases the production rate. A better understanding of permeability, porosity, and compressibility of fractures
would be useful in optimizing the production rate. This research paper explored stress-dependent permeability, porosity, and
compressibility of fractured porous media, both experimentally and numerically. The laboratory results are used to calibrate
numerical models. With this regard, the roles of fracturing parameters such as orientation, opening, fracture density, persistency,
and the intersection of fractures on hydro-mechanical parameters of the fractured sample are analyzed individually. The results
indicate that stress sensitivity of permeability and compressibility is more in fractured porous media than in non-fractured ones.
The results gained also showed that samples with open fractures and no filling materials, dominant vertical fractures, and high
fracture density have the most stress dependency of permeability and compressibility, while in high fracture densities, the fracture
and matrix changes are close to each other. The intersection of joints and not persisted fractures act as obstacles. This causes the
fluid to be trapped in porous media that affect reservoir recovery and increase financial losses. Finally, an analytical relationship
is developed to calculate the matrix compressibility
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Introduction

Most fractured reservoirs behave as dual porosity-
permeability systems, where the rock matrix and hydraulic
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Harari et al. (1995), Luo and Stevens (1996), Jalalh (20064, b),
Liu et al. (2009), Aloki Bakhtiari et al. (2011), and Moosavi
etal. (2014). Also, porosity and permeability changes on shale
samples are well documented by Soeder (1988), Dong et al.
(2010), Ross and Bustin (2008), Ghanizadeh et al. (2014),
Chen et al. (2015), Ma et al. (2016), Pan et al. (2015), Tan
et al. (2017), Wang et al. (2016), and Zheng et al. (2016).
The influences of effective stresses on flow processes in
fractured reservoirs are so crucial. Shale and coal reservoirs
are considered fractured reservoirs which have low porosity
and permeability and difficult for gas production. In this
regard, Tan et al. (2019) reviewed laboratory methods and
definitions to obtain fracture compressibility on coal and shale
samples. They found that fracture compressibility is higher for
coals than shales and also in non-proppant supported frac-
tures. Furthermore, fracture compressibility is dependent on
stress, gas type, and gas pressure. Permeability measurement
tests on fractured shale samples under confining pressures
from 5 to 80 MPa for simulating high effective stress in deep
shale gas reservoirs were performed by Zhou et al. (2019).
The permeability of fractured samples considerably decreases
with effective stress. Based on fracture compressibility
models, a stress-dependent fracture permeability model was
extracted, while fracture compressibility is strongly stress-de-
pendent. Coal fracture network evolutions by increasing ef-
fective stresses were investigated by in situ X-ray tomography
apparatus (Zhang et al. 2019). Large fractures quickly
compressed and porosity reduced considerably by the power
law equation. Also, permeability decreased by one order of
magnitude following an exponential function. By applying
stresses, the fracture contact area increased and fracture
compressibility decreased following both exponential and
linear decreasing trends. The correlation between fracture
permeability and effective stress for gas shales is
investigated by Chen et al. (2015) through theoretical deriva-
tions. The fracture compressibility is an effective factor to
correlate fracture permeability and effective stresses, while
fracture compressibility is also dependent on initial fracture
permeability, anisotropy, and mineral composition. Chen et al.
(2016) has developed a unified permeability-effective stress
relationship that can be applied to any type of fractured rock
through theoretical derivation. Some authors of this work
(Bagherzadeh et al. 2021) performed laboratory experiments
on naturally fractured carbonate samples to study the effect of
stress on permeability, porosity, and compressibility. Results
indicate that stress sensitivity of permeability and
compressibility in fractured reservoirs is strong; it means
that fractures are much more compressible than the matrix.
On the other hand, the stress sensitivity of porosity is much
lower than permeability; fracture porosity is not so influenced
by stress changes in fractured samples. Fracture closure and
permeability reduction can be very notable at the initial
production stage, leading to small recovery and financial
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losses. Lun et al. (2013) used artificial cores to evaluate the
effect of fracture packing degree on stress sensitivity of
permeability and porosity. The decrease in packing degree
increases stress sensitivity of permeability. Carvajal et al.
(2010) conducted a series of laboratory tests on weakly aniso-
tropic micro-fractured sandstones, where rock compressibility
was measured in different stress paths and fracture density.
Fracture density has a significant effect on stress sensitivity
and the initial value of rock compressibility. Abass et al.
(2007) conducted a series of experiments to assess the
stress-dependent permeability of matrix, natural fractures,
and hydraulic fractures as a function of various combinations
of effective stress. The experiment results indicate that tensile
fractures have much less hydraulic conductivity than shear
fractures and the shear fractures have less hydraulic conduc-
tivity than propped ones. Fracture aperture is often constant
during production, while Pinzon et al. (2000), by considering
some field data, have shown that the permeability of naturally
fractured reservoirs declines by production and pressure
depletion. Meanwhile, Dwi et al. (2007) found that hydraulic
conductivity increased due to production from naturally frac-
tured reservoirs and indicated that pressure drop in reservoir
results in fracture slide and increasing fracture permeability in
critical stress condition. Haifeng et al. (2015) have proposed a
scaled model simulating several parallel fractures in low per-
meability reservoirs. In a scaled model, the influence of pa-
rameters such as sample size, groundwater flow rate, fracture
density, fracture permeability, and in situ stresses is
considered. Tao et al. (2009) used the poroelastic displace-
ment discontinuity method and fully coupled fracture change
with pore pressure in matrix and fractures to investigate stress
dependency of fracture aperture and permeability. Increasing
effective normal stress decreases fracture permeability by pro-
duction. Also, the fracture permeability is not always reduced
by pressure depletion and could be enhanced by production in
high anisotropic stress conditions, where fractures are very
weak to shear deformation.

Due to the importance of stress effect on reservoir perfor-
mance, especially fractured reservoirs, different studies by con-
sidering various assumptions and laboratory conditions have
been performed. In this study, using laboratory experiments
and numerical simulation, the stress effects on permeability, po-
rosity, and compressibility of fractured carbonate rocks are in-
vestigated simultaneously, which are not explored yet. Three
dimensional fully hydro-mechanical coupling models by consid-
ering the effect of fluid flow from the matrix to fractures were
used for modeling. The effects of fracturing parameters such as
fracture orientation, opening, density, and persistency on hydro-
mechanical parameters of porous media are discussed separately
and conformed to laboratory results. An analytic relationship is
also developed for estimating matrix compressibility which can
separate fracture and matrix compressibility values. This research
paper is a useful reference for predicting reservoir behavior in
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different fracturing conditions in the production stage from nat-
urally fractured reservoirs.

Methodology

A series of experimental studies and numerical modeling were
used to exploit fluid flow in fractured porous media. Naturally
fractured samples are tested using the CMS-300 apparatus.
Samples are categorized into A, B, and C classes, regarding
fracture existence and orientation. Porosity, permeability, and
compressibility have been measured at eight effective stresses,
and the importance of fracture orientation, opening, density,
and intersection on poroelastic parameters of fractured porous
media is discussed.

Due to natural sample complexity and the combination of
different factors that affect experimental results, a sensitivity anal-
ysis using numerical simulation has been done. Sensitivity anal-
ysis has been performed to consider the effect of each fracturing
parameter individually, such as fracture orientation, density,
opening, and persistency on poroelastic parameters. In this re-
gard, a three-dimensional distinct element coupling code has
been developed to study fluid flow through matrix and fractures.
The flow in the matrix is coupled to the flow in joints as the fluid
in the joints can flow into the surrounding matrix. Also, the fluid
flow in rock masses is a hydro-mechanically coupled problem
where fluid pressure affects the mechanical deformation, and
mechanical deformation affects pressures. The code also is ver-
ified by laboratory experiments.

Laboratory experiments

The stress dependency of permeability, porosity, and com-
pressibility of fractured porous medium considering fracturing
conditions is evaluated under increasing confining pressures.

Experimental setup and procedure

In this study, cylindrical fractured carbonate rock samples
were recovered from a specific well in Iran’s south oil basin.
Plug dimension is 38 mm (1.5 in.) diameter and 50.8 mm (2
in.) height. Samples were washed with toluene and methanol
using a Soxhlet extraction apparatus to ensure that porous
space was free of salts, drilling mud, and petroleum products.
Before determining the rock’s petrophysical properties, the
samples are dried in an oven at 60 °C for 24 h. After washing
and drying the cores, the permeability and porosity of the
matrix were measured in ambient conditions. Porosity is mea-
sured using helium gas expansion and Boyle’s law, and rock
permeability is measured using air permeability meter based
on Darcy’s law. The results are shown in Table 1.

CMS-300 apparatus has been used to measure pore volume
compressibility, porosity, and permeability in different effective
stress intervals by helium injection into the core plugs. CMS-300
can measure pore volume compressibility and calculate porosity
and permeability at different hydrostatic stress conditions.
Porosity and pore volumes were obtained from the apparatus at
each effective stress increasing intervals. Porosities were mea-
sured by injection of Helium gas that applies Boyle’s law, where
the helium gas from the reference cell is isothermally expanded
to the sample cell. Then, equilibrium pressure is measured to
obtain porosity. Klinkenberg permeability of all samples is mea-
sured simultaneously. In this study, the maximum stress value
has been set to 4000 psi, and stress has changed at eight ascend-
ing steps discontinuously; the stresses are 3.44, 5.17, 6.9, 10.34,
13.78, 17.24, 20.68, and 27.5 MPa. Samples are classified into
A, B, and C categories, based on fracture existence and orienta-
tion. Type A is a non-fractured specimen with low porosity and
permeability; type B is a vertical core that illustrates horizontal
fractures perpendicular to the sample axis. Type C is horizontal
cores that express vertical fractures parallel to the sample axis.

Since sample appearance does not clearly illustrate fracture
and matrix arrangement, microscopic CT scan images are
used to reveal fracturing conditions. Due to the high accuracy
and resolution of the CT scanner (300 microns), images were
taken at 0.1 mm intervals so that more than 700 images were
taken from each sample which has 1.5 * 2 in. dimensions.
Using CT scan image processing software, the fracturing con-
dition can distinguish. One longitudinal section in 18 mm of
sample diameter and three cross sections of CT scan images in
13, 25, and 36 mm length intervals are shown in Fig. 1.

The matrix is dense without significant changes in the rock
microstructure. White veins of marl are seen through this silty-
clayey carbonate rock. Specimen type A (V111) is non-fractured;
type B (V2) has horizontal fractures with oblique micro-fractures
along the sample, while dominant fractures are horizontal; and
type C has vertical fractures with different opening and place-
ment. Initial porosity and permeability values are shown in
Table 1, displaying a general overview of fracturing conditions.
For example, the H33 sample has maximum permeability, i.e.,
8.685%10""* m”. From CT scan images, H33 has two open frac-
tures extended through sample length. Maximum porosity values
are observed in H2 and V2 specimens, while V111, a non-
fractured sample, has the lowest porosity and permeability.

Experimental results

In this section, based on laboratory investigations, the effects
of stress on permeability, porosity, and compressibility of
fractured carbonate rocks are discussed. The experiments con-
ducted while confining stress discontinuously increased in
eight steps, from 3.44 to 27.5 MPa. Permeability, porosity,
and compressibility curves are shown in Fig. 2a—c.
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Table 1 Specimen’s parameters in ambient condition

Sample no. V111 V2 H23 H33 H22 H31 H2 H47 H36 HS8 H14
Sample type A B C C C C C C C C C
Weight (gr) 141.5 131.3 136.4 135.7 138.65 137.3 130.5 1383 135.9 1375 139.1
Length (cm) 5 5 5 5 5.1 5 5 5 5 4.5 5
Diameter (cm) 3.8 3.8 3.8 3.8 3.8 3.8 3.83 3.83 3.81 3.85 3.86
Grain density (gr/cc) 2.7 2.54 25 2.57 2.59 2.62 2.6 25 2.6 2.49 2.53
Initial porosity (%) 8.5 14 9.31 11.52 10.3 10.8 15 9 10.6 13.5 9.8
Initial permeability (m?)*10E-16 1.08 3.45 9.37 868.5 35.53 43.92 8.88 8.88 5.62 355 5.03

Figure 2a indicates that the non-fractured sample, V111,
has the lowest initial permeability. By increasing stress due to
the closure of pores and connected spaces, permeability value
has reduced by 27% at 27.5 MPa. However, stress-dependent
permeability is much lower than fractured specimens.

The fractures of type B (V2) specimen are perpendicular to
the flow path and sample axis. Initial permeability is only higher
than type A, the non-fractured one. However, as soon as applying
stress, the permeability drops, so the lowest permeability has
occurred at 27.5 MPa, and it reduces by 98%. Although the flow
path and fracture direction are perpendicular to each other, the
existence of some oblique fractures makes a route for passing the
fluid and fracture compression.

Type C specimens with vertical fractures parallel to the
sample axis and flow path have more initial permeability than
types A and B. Stress-dependent permeability is evident in all
type C samples, while permeability has reduced from 80 to
98%. It is realized that the stress sensitivity of permeability in
fractured samples is higher than the non-fractured ones.

By applying confining stresses, porosity values are reduced in
a smooth slope (Fig. 2b). Porosity reduction in type A, which
represents the rock matrix, type B, and type C specimens is 6%,
7%, and 3—6%, respectively. It means that the effect of stress on
porosity is less than permeability in fractured specimens.

Also, compressibility versus effective stress is shown in
Fig. 2c. Compressibility reduction in fractured specimens is
85%, which is higher than V111, a non-fractured one.

The laboratory results in fractured specimens indicate influen-
tial role of fracturing conditions, including fracture orientation,
opening, persistency, and fracture density. Due to the complexity
of natural samples and the combination of several effective fac-
tors on poroelastic parameters of porous media, these parameters
are discussed separately through numerical simulation, which is
verified and compared with laboratory results.

Numerical modeling of hydro-mechanical
behavior of natural rock fractures

The software used for the numerical calculations is the 3DEC

code based on the distinct element method formulation. The
flow in the matrix has coupled to the flow in the joints, while
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the fluid in joints can flow into the surrounding matrix. Fluid
flow in rock masses is a hydro-mechanically coupled problem
where fluid pressure affects mechanical deformation and me-
chanical deformation affects pressures.

The governing equations for fluid flow in joints follow a
simplified form of the Navier-Stokes equation. For hydro-
mechanical analysis and fluid flow calculations, the disconti-
nuity geometrically conformed to a two-dimensional flow
plane. Fluid flow occurred along the discontinuity plane while
the intact surrounding material is impermeable. The flow rate
per unit width of discontinuity is estimated by the “modified”
cubic law (Itasca (2013)):

3

:—%vh: KaV) (1)
where uy, is the equivalent hydraulic aperture of the idealized
fracture (m), &, is the hydraulic conductivity of the fracture
(m/s), V,, is the hydraulic gradient, p is the fluid density (kg/
m’), g is the gravitational acceleration (m/s®), and 1 is the fluid
dynamic viscosity (Pa s). The value of hydraulic aperture is
calculated in the elastic range and updated as a function of the
effective normal stress:

Ao/n
K,

up = upo + f (2)
where uy, is the initial hydraulic aperture, AO’; is the effective
normal stress variation, and f is a factor that describes the rough-
ness influence. Fracture walls are planar, while factor f is 1 in
3DEC.

Normal and shear joint stiffness is explained by linearly
elastic springs. The Coulomb slip law characterizes the shear
resistance of the joint.

For fluid flow simulation within joints, the hydraulic aper-
ture of fracture varies as a linear function of normal stress, o,
and it is controlled by the normal displacement of fracture Au,
given in Eq. (3) (Itasca (2013)):

up = upo + Auy, (3)

where uy is the joint aperture in zero normal stress and uy, is
the joint normal displacement (positive denoting opening).
U, 1s the minimum (residual) value for the joint aperture,
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Fig. 1 Computed tomography images of laboratory samples in a longitudinal section (18 mm) and three cross sections (13, 25, and 36 mm) of the sample
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Fig. 1 continued.
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C-H14
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Fig. 1 continued.

below which the contact permeability is not affected by me-
chanical closure. U,,,, is the maximum value uses in flow rate
calculation assumed for efficiency in the explicit calculation.

Pressures are calculated and stored in a data structure called
a flow-knot. Flow rate and flow-knot pressures are updated.
The new flow-knot pressure becomes

At AV

= KW __Kw_ 4
P =po+ KuQp Ky (4)
where py is the flow-knot pressure in the preceding time step;
O is the sum of flow rates into the flow-knot from all sur-

rounding contacts; and Ky, is the bulk modulus of the fluid.
V=V-V, (5)
Vi = (V + Vp)/2 (6)

V and Vj are the new and old flow-knot volumes, respec-
tively. To run a coupled solution, both mechanical and flow
mode must be on. Internally, 3DEC runs a series of mechan-
ical steps, followed by a series of fluid steps (Itasca (2013)).

Cylindrical samples were modeled in hydrostatic stress
condition that is the mechanism of the CMS-300 apparatus.
The sample is drained from the outlet, and no shear or slip
occurs on matrix and fractures.

The initial stress state is isotropic, and lateral pressure is
kept constant during the test, the base of the model is fixed in
the axial direction, and an axial velocity is applied at the top of
the model. The boundaries are impermeable; also, all grid
points are initially “free,” which means that pore pressure at
such knots is free to vary according to the net inflow and
outflow from neighboring zones. The pore pressure is fixed
at the end of the sample to let the fluid leave the external
boundary from the outlet.

Figures 3 and 4 have shown the direction of discharge
vectors in the matrix (a) and fracture (b) at the initial and
final stages of loading. As the pressure increases, the fluid
is discharged simultaneously through the fractures and the
matrix. At the initial stages of loading, production from
the fractures is only ten times greater than the matrix.

But in the final stages of applying pressures, the amount
of discharge is 100 times greater than the matrix. It proves
that fractures have a crucial role in the reservoir
production.

Analytic relationships for measuring hydro-
mechanical parameters

As CMS equipment measures total poroelastic parameters and
do not distinct fracture and matrix values, analytical relations
are developed to measure matrix and fracture parameters in-
dividually. Fracture aperture calculated and updated in 3DEC
software, so fracture compressibility, Cy, is obtained using Eq.
(7), where b is the aperture and by is the initial aperture at
reference pore pressure.

Fracture porosity and permeability are estimated using Egs.
(8) and (9) (Chacon, 2006), where & and K are initial frac-
ture porosity and permeability and & and Ky are current frac-
ture porosity and permeability.

—lng
Cr=5—p; (7)
b = ¢ ﬁe*c‘/(Ppi*Pp) (8)
Ky= Kﬁe*3cf(Ppi*PP) (9)

Therefore, porosity, permeability, and compressibility of
fractures are measured. In the saturated matrix, pore volume
changes equal the variation of fluid volume trapped in pore
space, i.e., AV, = AV; So fluid volume AV; changes can
decompose into two parts as Eq. (10) (Detournay and Cheng
1993):

1 2
vy =aviY 4+ avi (10)

VV(fl) is the component associated with the compression or
dilation of the interstitial fluid, and VV(fz) is the component

due to fluid exchange between the porous material and the
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Fig. 2 Stress-dependent a permeability, b porosity, and ¢ compressibility of carbonate samples, type A (without fracture), type B (horizontal fracture),
and type C (vertical fractures)
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Fig. 3 Discharge vectors at initial
stages of loading in a matrix and
b fracture

outside. VV(fl) expresses pore pressure p, as Eq. (11), where K
is the fluid bulk modulus.
The second component VV/(,Z) is related to the variation of

fluid content  introduced by Eq. (12). A constitutive relation
can be derived for ¢ in Eq. (13). P and p are confining stress
and pore pressure, « is Biot coefficient, K, is bulk modulus for
the pore volumetric strain, and B is the Skempton pore pres-
sure coefficient that is 1 for incompressible fluid, and

Fig. 4 Discharge vectors at final
stages of loading in a matrix and
b fracture

(a) (b)

compressible fluid is obtained by Eq. (14) (Detournay and
Cheng 1993).

(1)
o
f f
AV(Z) AV(Z)
_AVy oAy (12)
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Fig. 5 Verifying numerical modeling with laboratory data in A-V111, B-V2, and C1-H33 samples: a permeability, b porosity, and ¢ compressibility

=9 &
akK ¢
B:@—Ié (14)

Using Egs. (11), (13), and (10) is written as Eq. (15):

Ky

@
w0 AV e
v v, v ks

Therefore, Eq. (15) can be written in the form of Eq. (16):

VV_,»__p | _pK@
\% a kf [K(P Osz (16)

Using Eq. (11), matrix compressibility is obtained as Eq.
(17):

vV,
Cpem = Tf/VP (17)

Equation (17) has developed in numerical modeling for
calculating matrix compressibility. Also, fracture compress-
ibility has acquired using Eq. (7). Total compressibility is
the summation of matrix and fracture compressibility obtained
as Eq. (18):

Coe (14m) = Cpe (1) + Coe(m) (18)
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Numerical results

Because of natural sample complexity and several factors
combination that affect experimental results, the parameters
are explored individually by sensitivity analysis via numerical
simulation. Studied parameters are fracture orientation, aper-
ture, density, persistency, and intersection. Before investigat-
ing the sensitivity analysis obtained by numerical simulations,
numerical results should be verified using laboratory experi-
ments. In this regard, samples from type A-V111, type B-V2,
and type C-H33 were used for calibration. Figure Sa—c show
porosity, permeability, and pore volume compressibility
curves versus effective stress by numerical modeling and lab-
oratory experiments. A suitable correlation was found be-
tween obtained factors from numerical analysis (blue line)
and laboratory investigations (orange points). RMSE value
shows the difference between tested and predicted values
through numerical simulation.

Fracture orientation effect on permeability, porosity,
and compressibility

The effect of fracture orientation is explored in samples with
parallel fractures and 0.3 mm opening. Fracture direction is
examined at 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90 degrees.
Permeability, porosity, and compressibility of fractures rela-
tive to effective stress are shown in Fig. 6a—c.



Stress-dependence of the permeability, porosity, and compressibility in fractured porous media regarding... 5101
V2-B Porosity V111 Compressibility
0.139 2.00E-03
1.80E-03
0.138 ° ® Laboratory ——DEM L4
0.137 1.60E-03
’ ) ® Laboratory DEM
0.136 1.40E-03
S o 1.20E-03
2 1.00E-03
Z 0134
S = 8.00E-04
£ 0133 Z
a2 6.00E-04
0.132 g 7
S 4.00E-04
0.131 ©
2.00E-04
0.13 o
0.00E+00
0.129 0 5 10 15 20 25 30
0 3 10 15 20 25 30 Effective Stress (MPa)
Effective Stress (MPa) B D (RMSE=1.89¢-4) N
(b-2) (RMSE=7.65¢-4) V2B C ibilit
. -B Compressibili
H33-C1 Porosity P Y
16501 6.00E-03
1L15E-01 ° 5.00E-03 ° ® Laboratory ——DEM
® laboratory ——DEM —
1.15E-01 £
S 4.00E-03
3 LI4E-01 <
Z Lueol E 3.00E-03
g Z
S 1I13E-01 2 2.00E-03
g
1.13E-01 8
~  1.00E-03
1.12E-01
| R0l 0.00E+00
0 5 10 15 20 25 30 0 3 10 15 20 2 0
Effective Stress (MPa) Effective Stress (MPa)
(b-3) (RMSE=2.4lc-4) (c2) (RMSE=9.32¢-4)
H33-C1 Compressibility
8.00E-03
_ °
{00E-03 ® Jaboratory ——DEM
E 6.00E-03
=
h 5.00E-03
Z.
2 400803
s
& 3.00E-03
e
'O
|}

2.00E-03

1.00E-03

0.00E+00

Effective Stress (MPa)

25

©3)

(RMSE=9.2¢-4)

Fig. 5 continued.

Fracture permeability behaves differently between 0 and 70
and 70 and 90 degrees. In a horizontally fractured sample, frac-
tures do not cut the sample end; there is no route for fluid drain-
age and pressure reduction through fractures, so the fluid is only
discharged from the matrix. In other words, horizontal fractures
are compressed due to applied stresses on the fracture surface.
Therefore, there is no significant stress sensitivity of porosity and
permeability. In the experimental investigation, although the V2
specimen has dominant horizontal fractures, the presence of
some oblique and vertical fractures makes fluid discharge possi-
ble but does not prove the orientation effect properly.

Applied stresses on fracture surface have soared fracture
pore pressure, while pressure drop only has happened on frac-
tures that fluid discharged. In 50- to 90-degree fractured

samples, further joints cut sample end, and more fluid dis-
charge occurred. Therefore, by increasing fracture angle from
the horizon and approaching vertical position, normal stresses
on fracture surface increase, resulting in pressure drop, perme-
ability reduction, and increasing fracture compressibility.

As discussed earlier, the CMS-300 has the capability of
applying hydrostatic loads; therefore, numerical simulation
is in hydrostatic condition. The loads are applied in the range
that the specimens are in the elastic phase, and no failure
occurs through porous medium and fractures. It means that
fracture deformation is dominated by compression and shear
deformation and dilation are neglected. In this simulation, in
vertical and semi-vertical fractures (80 and 90 degrees), slight-
ly shear displacement has occurred in fractures close to the
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Fig. 6 Estimated values of a fracture permeability, b porosity, and ¢ compressibility relative to the effective stress in 0- to 90-degree oriented fractured
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Fig. 7 Estimated values of a fracture permeability, b porosity, and ¢ compressibility relative to effective stress in samples with two 90-degree-oriented
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@ Springer



5104

P.Bagherzadeh et al.

Fracture Permeability (m2)

1E-12

1E-13

Permeability

30

0.1 mm-70 degree
~~~~~~~~~ 0.2mm-70 degree
_____ 0.3 mm-70 degree

0.4mm-70 degree
=+ = 0.5 mm-70 degree
— — 0.6mm-70 degree

— + =0.7mm-70 degree

0.1 mm-90 degree
--------- 0.2 mm-90 degree
----- 0.3 mm-90 degree
= = =0.4 mm-90 degree

=+ = 0.5mm-90 degree

1E-17 = = 0.6 mm-90 degree
Effective Stress (MPa) — = 0.7 mm-90 degree
a
Porosity
0.16 0.1mm-70 degree
--------- 0.2mm-70 degree
0.14
----- 0.3mm-70 degree
0.12 0.4mm-70 degree
S
S ol = - = 0.5mm-70 degree
i ' = = 0.6mm-70 degree
é 0.08 — - =0.7mm-70 degree
~ 0.1mm-90 degree
2 006
=S| N e B e S 0.2mm-90 degree
é 004 'R, —YTm— | === 0.3mm-90 degree
= = =0.4mm-90 degree
0.02 =+ = 0.5mm-90 degree
0 — — 0.6mm-90 degree
0 5 10 15 20 25 30 = -+ =0.7mm-90 degree
Effective Stress (MPa)
b
Compressibility
0.009 0.1mm-70 degree
5 0008 |4 e 0.2mm-70 degree
> e e 0.3mm-70 degree
z o007 [ % == 0.3mm-70 degree
%‘ 0.006 0.4mm-70 degree
E ’ = - = 0.5mm-70 degree
2 0.005 — — 0.6mm-70 degree
a. — + =0.7mm-70 degree
g 0.004 0.1mm-90 degree
g 0.003 0.2mm-90 degree
2 0.3mm-90 degree
E'é 0.002 = = =0.4mm-90 degree
= 0.001 =+ = 0.5mm-90 degree
= = 0.6mm-90 degree
0

10

15 20 25

Effective Stress (Mpa)

30

— - = 0.7mm-90 degree

C
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(a) (b)

Fig. 10 Discharge vectors in a 60- and 120-degree orthogonally
intersected fractures with 100% persistency, b 60- and 120-degree or-
thogonally intersected fractures with 50% persistency, ¢ vertically and

boundaries as the result of boundary conditions. Shear dis-
placement decreases fracture closure and maintains fracture
permeability and porosity. Shear deformation is linear and
shear stiffness of the joint is constant.

Fracture opening effect on permeability, porosity,
and compressibility

In this section, the effects of fracture opening in samples with
two vertical fractures, 14 mm spacing, and 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, and 0.7 mm opening are studied.

Fracture permeability, porosity, and compressibility
concerning effective stress are shown in Fig. 7. The results
indicate that fracture opening in vertical joints enhances dis-
charge rate, making pore pressure drop, and increases stress-
dependent permeability and porosity. While in fractures by
0.7-mm opening, the stress sensitivity of permeability and
porosity is 88 and 4 times greater than 0.1-mm fracture open-
ing. That is observed in the H33 sample, which has consider-
able opening than other specimens. In unpacked fractures with
a large opening, the joints are rarely connected, and there is
more space for fracture deformation. As a result, they simply
close at the early stages of loading, and permeability reduces
significantly. So during production from a low fracture open-
ing reservoir, methods like proppant and fluid injection should
be used to maintain fracture opening.

Simultaneous effect of fracture orientation and opening
on permeability, porosity, and compressibility

The fracture orientation and aperture effects in vertically di-
rected fractures have been studied in sections 4.2.1 and 4.2.2.

@ Springer
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horizontally intersected fractured with 50% persistency, and d two verti-
cally intersected fractures with 50% persistency

Now, to find the dominant effect of orientation or opening on
poroelastic parameters of fracture, two kinds of specimens
with two parallel, 70- and 90-degree fractures; 0.1-, 0.2-,
0.3-,0.4-, 0.5-, 0.6-, and 0.7-mm openings; and 14-mm spac-
ing are explored. The results are shown in Fig. 8.

First, by considering the effect of fracture direction, it is
understood that there are higher compressibility and lower
porosity and permeability in 90 degrees fractured sample.
Since there is more stress on the fracture surface, more pres-
sure drop and fluid discharge occurred.

It should be noted that studied samples in this section have
two fractures located in the middle of the sample and the shear
displacement effect through 90-degree fractures (discussed in
section 4.2.1) has not emerged.

In both 90- and 70-degree-oriented fractures, the more frac-
ture opening is, the more initial permeability and porosity are.

Stress sensitivity of permeability and porosity in a 90-
degree specimen increased by arising fracture opening. On
the other hand, stress sensitivity of permeability in 70 degrees
fractured sample is the same in almost all fracture apertures.
Also, fracture compressibility values are very close to each
other in different openings. Therefore, fracture aperture
changes in 90-degree-oriented fractures are more significant.

Fracture density effect on permeability, porosity,
and compressibility

In this section, the effects of fracture density in specimens with
one to six vertical fractures, same spacing, and 0.3-mm opening
are studied. Fracture permeability, porosity, and compressibility
variation concerning effective stress are shown in Fig. 9.
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The sample’s compressibility value with one fracture is
significantly greater than the sample with more than one frac-
ture. Since the dominant mechanism in fracture closure is
applied stresses on the fracture surface, by increasing the num-
ber of fractures, normal stresses on each fracture are divided
and decreased in comparison to one fracture. The stress sen-
sitivity of permeability and porosity in one fractured sample is
1.6 and 1.2 times greater than the specimen with six fractures.
In other words, there is more stress concentration in a low
fractured density medium and causes more fracture closure.
In high fracture densities, fracture compressibility values be-
come close to each other such as continuous fractured media.

In some cases, increasing the number of fractures does not
affect fracture compressibility, while the compressibility of
fractures and matrix coincides simultaneously in a fractured
network. So, special measures should be taken to prevent
pressure drop and recovery reduction in the production stage
from low-density fractured reservoirs. In general, low fracture
density reservoirs are more susceptible to compression and
should be considered more.

For example, in laboratory specimens, the H33 sample has
less fracture density, while the highest stress sensitivity of
permeability is observed in this specimen. It is worth mention-
ing that there are several factors in laboratory specimens that
simultaneously affect the results.

Simultaneous effect of fracture orientation, persistency,
and intersections on permeability, porosity,
and compressibility

Depending on fracture orientation and position, fracture per-
sistency can change poroelastic parameters.

In this regard, two sets of orthogonal fractures (60 and 120
degrees) in two states of 100% and 50% persistency (p = 1 and
0.5 respectively), horizontally and vertically intersected fracture
sets (p = 0.5), and two vertically intersected fracture sets (p = 0.5)
are modeled and analyzed. As discharge vectors are shown in Fig.
10, horizontal and oblique fractures are like flow barriers, espe-
cially when there are not persisted, so the direction of fluid flow is
changed alternatively in intersected fractures. Changes in fluid
direction prevent fluid from directing to the production well,
and in some cases, fluid has trapped in the reservoir.
Meanwhile, the direction of dominant discharge vectors in two
vertically intersected fractures is downward, which causes more
pressure drop and fluid discharge. It is highlighted that in the
designing stage, the direction of dominant fractures for further
production should be considered.

Permeability, porosity, and compressibility changes in the
specimens mentioned above are shown in Fig. 11. The com-
parison of persistency in 60- and 120-degree orthogonal frac-
tures demonstrates that, in the fully persisted sample, as the
flow path is continuous and open for fluid depletion, more
pressure drop occurs that induce more compression on
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fractures, thereby reducing fracture aperture and hydraulic
conductivity. In 50% persisted fractures, the fluid is trapped
in the fracture network, so it cannot easily be driven by the
contraction of fracture volume and fluid expansion. On the
other hand, there is more pressure depletion in two vertically
persisted fractures despite 50% persistency. It means that pore
pressure drop increases while the fracture intersects the well
vertically as under depletion fracture permeability values con-
tinue to decline and compressibility increases.

Conclusion

In this research paper, the stress dependence of permeability,
porosity, and compressibility of fractured carbonate rocks is
investigated by laboratory experiments and numerical simula-
tions. Fractured and non-fractured specimens were tested, and
the effects of fracture parameters are analyzed. Due to com-
plexity of the natural samples and the combination of several
influential factors, sensitivity analyses were carried out in or-
der to investigate the importance of each parameter utilizing
numerical simulations. The obtained results in fractured po-
rous media can then extend to fractured reservoirs with some
modifications.

The results from the laboratory experiments showed that the
stress sensitivity of permeability and compressibility are more in
fractured carbonate porous media in comparison to non-fractured
ones. Fracture stress-dependent permeability is considerably larg-
er than matrix values. On the other hand, by applying stresses,
fracture porosity is reduced in a smooth slope. It means that
fracture porosity is not so sensitive to stress changes.

It is also shown that fracture orientation is the most critical
parameter in production of hydrocarbon from naturally frac-
tured reservoirs. More fluid is produced from the horizontal
fractures that intersect the well vertically. Deviation of the
joint from the vertical position (respect to well), even to a
small extent, has a significant impact on productivity.

There is more stress concentration on fractures in a low
fractured density medium and causes more fracture closure.
In high fracture densities, fracture compressibility values be-
come close to each other. High fracture density is such a
continuous fractured media. By increasing the number of frac-
tures, the compressibility of fractures and matrix occurs simul-
taneously in a fractured network.

In reservoirs with open fractures and no filling, more pres-
sure drop and compressibility occurred in the early stages of
production. Therefore, different injection methods should be
used to keep the joints open. The presence of some filling
materials can act as a natural proppant that keeps fractures
open.

The analysis also showed that the intersected frac-
tures that are inclined verticality to the production well
contribute more in the production even if they have not
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fully persisted. Horizontal joints (respect to well) act as
barriers that prevent fluid passage and therefore reduce
productivity.

Finally, the experimental results which consider the total
variation of matrix and fractures and by using analytical rela-
tionships, the permeability, porosity, and compressibility of
fractures were obtained. Hence, the fowling general equation
is developed to calculate the compressibility of the matrix:

a KD
Coem =~ [ (P-252) | /vP.

Notations The following symbols are used in this paper:
uzjoint normal displacement
uygjoint aperture in zero normal stress
Au,normal displacement of fracture
Ctfracture compressibility
¢dracture porosity
Kifracture permeability
¢ginitial fracture porosity
Kginitial fracture permeability
Ppiinitial pore pressure
Ppcurrent pore pressure
beurrent fracture width
biinitial fracture width
AVyvariation of fluid volume
Kfluid bulk modulus
(variation of fluid content
Papplied confining pressure
ppore pressure
BSkempton pore pressure coefficient
Cpe (pfracture compressibility
Cpemymatrix compressibility
aBiot coefficient
Kpbulk modulus for the pore volumetric strain
Kpermeability
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